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Abstract Variations in seismic velocities are essential in developing a better understanding of continen-
tal plate tectonics. Fortunately, the USArray has provided an excellent set of regional phases from the recent
M5.6 Oklahoma earthquake (6 November 2011, Table 1) that can be used for such studies. Its strike-slip
mechanism produced an extraordinary set of tangential recordings extending to the northern edge of the
USArray. The crossover of the crustal slow S to the faster Sn phase is well observed. SmS has a critical dis-
tance of around 2 and its ﬁrst multiple, SmS2, reaches critical angle near a distance of about 4 , and so on,
until SmS
n merges with the stronger crustal Love waves. These waveforms are modeled in the period band
of 2–100 s by assuming a simple three-layer crust and a two-layer mantle, which allows a grid-search
approach. Our results favor a 15 km thick low-velocity zone (LVZ) in the lower crust with an average shear
velocity of less than 3.6 km/s. The short-period Lg waves (S waves, at periods of 0.5–2 s) travel with veloc-
ities near 3.5 km/s and decay with distance faster than high-frequency Sn (>5.0 Hz) which travels at a veloc-
ity of 4.6 km/s and persists to large distances. Although these short-period waveforms are not modeled,
their amplitude and travel times can be explained by adding a small velocity jump just below the Moho
with essentially no attenuation. Pn is equally strong but is complicated by the interference produced by the
depth phase sP, but well modeled. The P velocities appear normal with no deﬁnitive LVZ. While these obser-
vations of Sn and Pn are common beneath most cratons, the lower crustal LVZ appears to be anomalous
and maybe indicative of hydrous processes, possibly caused by the descending Farallon slab.
1. Introduction
While plate tectonics has proven successful in explaining the Earth’s seismicity along plate boundaries and
hotspots, it does not provide an explanation for the occurrence of intraplate earthquakes in the middle of
continents, sometimes on old rift systems. Indeed, failed rift systems may present preexisting weak zones
that would be subject to reactivation during later geological epochs such as the New Madrid rift zone in Fig-
ure 1 [Braile et al., 1986]. Cox and Van Arsdale [2002] proposed that the last episode of uplift in the Creta-
ceous was caused by hotspot activity and related the hotspot to seismic activity in this region. A recent
study of the Virginia earthquake supports this idea with excellent regional coverage provided by the USAr-
ray program, namely, the Transportable Array (TA). Chu et al. [ 2013a] discovered a low-velocity channel run-
ning eastward from Virginia (Figure 1). There is also some surface evidence of crypto-volcanic features
along this channel which has been denoted as the ‘‘38th Parallel Lineament’’ [Zartman, 1977]. Two kimber-
lites along this channel suggest Cretaceous magma intrusions i.e., 100 Ma for Riley, Kansas [Blackburn
et al., 2008] and 70 Ma for Elliot, Kentucky [Heaman et al., 2004]. This path also follows predicted plate
motion in a ﬁxed hotspot frame and is suggested to be a hidden hotspot track [Chu et al., 2013b]. Are these
interesting features triggered by heating of the proposed hotspot track and/or perhaps release of hydrous
meta-basaltic processes caused by the descending Farallon slab?
Seismic evidence for the subducting Farallon slab beneath the Eastern United States (EUS) has now been
well established with an abundance of seismic data [e.g., Grand, 2002; Tian et al., 2011; Sigloch and Mihaly-
nuk, 2013]. Liu et al. [2008] reconstructed the old ﬂat Farallon plate and its dynamic history along with
inferred topographic history. Spasojevic et al. [2009] produces a strong case for where and when the Farallon
slab descended into the transition zone. The ﬂat-slab subduction is somewhat younger than the proposed
hotspot activity; hence their possible interaction may create possible anomalous structures remaining above
this zone. There is now abundant seismic evidence for zones of water above the 410 discontinuity near
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where the slab plunges into the transition zone shown in Figure 1 [Dixon et al., 2004; van der Lee et al.,
2008]. Possible release of volatiles is discussed by van der Lee and Frederiksen [2005] with evidence for inter-
action with the uppermost mantle and crust as discussed in Bedle and van der Lee [2006]. This issue can
now be addressed effectively with the TA data obtained from the recent Oklahoma earthquake with some
validation from the two small events displayed in Figure 1.
The approach here will be similar to our recent efforts in modeling regional earthquakes [Chu et al., 2013a].
To get started, we assume the mechanism of the Oklahoma earthquake from the earthquake moment ten-
sor catalog inverted by Saint Louis University (hereafter referred to as SLU, http://www.eas.slu.edu/eqc/eqc_
mt/MECH.NA/20111106035310/index.html, last accessed in December 2011) and a 3-D seismic model from
CRUST 2.0 [Bassin et al., 2000]. Maps of Moho depth and sediment thickness are given in Figure S1 together
with a 2-D cross section along a proﬁle from Oklahoma to Wisconsin (Figure 1). Two-dimensional synthetic
waveforms for this velocity proﬁle (Figure 2) are calculated by using a new 2-D ﬁnite-difference code which
takes advantage of fast GPU computations [Li et al., 2014]. The tangential components of the observations
were obtained from standard processing of TA data for this comparison. We removed instrument responses
and resample the data to a rate of 20 samples per second. The waveforms are then band-pass ﬁltered to 2–
100 s. Note the Love wave portion ﬁts quite well. In contrast, the earlier body wave portion obviously
requires some major model adjustments. The most obvious mismatch lies in the Sn arrival times and their
260˚
260˚
270˚
270˚
280˚
280˚
290˚
290˚
30˚ 30˚
40˚ 40˚
50˚ 50˚
Virginia
Quebec
100 Ma
Riley, KS
75 Ma
Elliott, KY
A
B
A305
A345
Kentucky
Oklahoma
Kansas Missouri
Illinois
Indiana
Wisconsin
0
100
200
300
400
D
ep
th
 (k
m)
34 35 36 37 38 39 40 41 42 43 44 45 46
Latitude (deg)
8.28.28.28.2
8.2
8.2
8.48.48.4
8.4
8.48.48.4
8.48.48.48.4
8.6
8.68.68.6
8.6
8.6
8.88.88.8
8.8 8.8 8.8
A                                     B
230˚ 240˚ 250˚ 260˚ 270˚ 280˚ 290˚ 300˚ 310˚
60˚
50˚
40˚
30˚
20˚
10˚
40 Ma (851 km)
Figure 1. USArray stations and earthquakes in the North American craton. Black and red beach balls represent focal mechanisms of earth-
quakes used for P and S wave studies, respectively. The blue line denotes a proposed hidden hotspot track where two Cretaceous kimber-
lite intrusions (black triangles) are dated. The black line is a N-S cross section determined from modeling waveforms of the 2011 Virginia
earthquake. Two red lines enclose the stations whose waveforms are modeled in this study. Two green lines are proﬁles from the Kentucky
earthquake (A305) and Missouri earthquake (A345), respectively. The dashed orange box denotes approximate location of the New Madrid
rift zone. The insets show the shear velocity proﬁle along AB and the geodynamically predicted location of the subducting Farallon Slab
[Chu et al., 2013a].
Geochemistry, Geophysics, Geosystems 10.1002/2013GC004914
CHU AND HELMBERGER VC 2014. American Geophysical Union. All Rights Reserved. 1349
multiples. In order to ﬁt the observed Sn arrivals, a faster Sn velocity is required. However, in order to keep
the longer period Love waves sampling the mantle delayed relative to the shallow Airy waves, a signiﬁcant
LVZ in the lower crust is necessary, which is the major result of this study.
In Figure 2, S3 has larger amplitude and shorter period than S2, etc. This is caused by the separation of SmS
i
from Sin, which becomes smaller when i increases, and SmS
i becomes stronger when closer to critical angle.
The strongest arrival corresponds to the ‘‘n’’ bounce nearest critical angle and becomes the major contribu-
tor to the crustal Love wave at regional distances [Helmberger, 1983]. Note that this construction of the
waveﬁeld is similar to oceanic paths where multiple S waves from the upper-mantle triplications add to the
G phase [Tan and Helmberger, 2007].
Since this is the ﬁrst well-recorded event in a craton, we will also address some propagational characteristics
and the role of source depth in the excitation of various short-period phases.
2. Refining Lithospheric Structure
There have been many studies of the lithosphere beneath the Midwest using a variety of methods: receiver
function analysis, surface wave phase mapping, different types of tomographic inversions, and sometimes
their joint inversions [e.g., Abt et al., 2010; Yuan and Romanowicz, 2010]. Some of the earliest midcontinental
reports involved the Early Rise experiments where large explosions in Lake Superior were recorded along
proﬁles [Masse, 1973]. These studies produced relatively simple P wave velocity layering of the crust along
with some introductions of LVZs. One of the ﬁrst evidence of a LVZ in the lower crust was reported by Jor-
dan and Frazer [1975] for the Canadian Shield (Figure 3). Their model was derived from modeling
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Figure 2.Waveform ﬁts of (left) Love wave and (right) body waves predicted by CRUST 2.0 for the 2011 Oklahoma earthquake. The proﬁle is enclosed by red lines in Figure 1. The tangential
displacement data (black) and synthetics (red) are both ﬁltered at 5–50 s. The amplitudes of waveforms are multiplied by the distance R. Sn arrivals of data and synthetics are denoted by
solid and dashed line, respectively. Raypaths of Sn and the multiple reﬂections S
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i.
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teleseismic S wave precursors resulting from S to P conversion at the crust-mantle discontinuity beneath
eastern Canadian stations. Such a LVZ is supported in a recent TA study by Chang and Herrmann [2012]
who applied a combination of teleseismic receiver functions and regional surface dispersions to many of
the stations in Figure 1. A typical 1-D crustal model from their study is displayed in Figure 3. However, it
proves difﬁcult to reﬁne such complex models derived from each station along horizontal raypaths because
of the huge number of parameters involved in such a characterization. We also have included a model pro-
posed by Herrmann [1979] which was constructed to ﬁt Love wave observations in this region based on dis-
persion measurements. Synthetics generated from this model are displayed in Figure 4 along with
predictions from the Jordan and Frazer model. Note that the former ﬁts the crustal Love wave quite well.
Thus, we start with this model and simplify it by replacing the shallow layering with a linear gradient (Figure
3). The fewer remaining parameters are shear velocity and depth at each node in the model, and can be
adjusted by ﬁtting the seismograms both in waveform shapes and travel time at the longer periods >2 s on
the ﬁrst stage. The second stage of reﬁnement involves the timing and strengths of the crustal Lg and high-
frequency Sn waves which produce further constraints on attenuation and an additional layer in the upper-
most mantle. This allows a systematic grid search in combination with forward modeling at periods greater
than 2 s which proves effective [Chu et al., 2012a, 2012b]. The ﬁrst step in this process is reﬁning the focal
mechanism and depth. The latter proves to be quite important in understanding the relative strengths of
various phases and their decay with distance.
2.1. Source Excitation
As in previous studies [e.g., Chu et al., 2012a, 2013a], we ﬁnd the mechanisms reported by SLU catalog [Herr-
mann et al., 2011] to be quite accurate, but the depths can be reﬁned by adding depth phases at teleseismic
distances (e.g., pP and sS) and extended Pnl at regional distances. But the relative delay of depth phases
does depend on the crustal model especially for events situated in basins with thick sediments [Chu and
Helmberger, 2013]. We present a summary of the source modeling efforts for the Oklahoma event in Figure
5, assuming the Herrmann crustal model in Figure 3.
Our preferred inversion method is called the Cut and Paste (CAP) method [Zhu and Helmberger, 1996]. Fol-
lowing this approach, we performed a grid search of all possible mechanisms where small timing shifts are
allowed for each component. Here we highlight two stations, R35A and R37A. Note that all components at
R37A are ﬁt well with cross correlations above 0.85 and small travel time delays. However, R35A is nodal for
Love and SH waves and maximum for Rayleigh waves. The tangential observation at R35A is very late by
nearly 8 s, which means that this poor waveform ﬁt is probably a Rayleigh wave diffracted onto the tangen-
tial component that is commonly observed at the nodal stations. Note that all the stations along this azi-
muth are poorly modeled with off-scale travel time delays and very low cross-correlation coefﬁcients (CC).
We will demonstrate later that even the high-frequency Sn (>5 Hz) senses this node. Because all the body
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Figure 4.Waveform ﬁts of (left) Love wave and (right) body waves predicted by (a) the Herrmann [1979] model and (b) the Jordan and Frazer [1975] model. Please see Figure 2 for more
details.
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and surface waves are delayed by about 1 s, we suggest that the origin time needs a small adjustment
assuming the Herrmann model. Generally, the ﬁts of the surface waves to the south are not that good at
these relative short periods because of the thicker sediments along the coastal plains. Fits at longer periods
are better as displayed at the SLU website (http://www.eas.slu.edu/eqc/eqc_mt/MECH.NA/
20111106035310/index.html). The results of bootstrapping are also included which proves relatively easy
with the CAP method because all the mechanisms are saved before the random resampling of stations is
processed [Zhan et al., 2012], see Figure 5c. Both the regional and/or teleseismic data give relatively accu-
rate solutions (Figure 5c, also see Figures S2 and S3 for details).
The source parameters derived from CAP inversion are Mw5.65 at a depth of 4 km with strike, dip, and rake
at 145, 79, 22 , respectively, compared with SLU listings of Mw5.6 at depth of 8 km with a mechanism of
55, 87, 2176 . The USGS Moment Tensor has an Mw5.6 at a depth of 7 km with a mechanism of 60 , 81,
2174, while the GCMT has similar mechanism with a depth of 12 km. The depth estimates vary with mod-
els, where different crustal structures change the differential times between direct arrivals and their depth
phases (pP, sP, and sS). For example, soft sediment structures can also cause uncertainties about earthquake
depth as for the Brawley earthquake in the Imperial Valley, California [Chu and Helmberger, 2013]. We have
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Figure 5. Focal mechanism of the 2011 Oklahoma earthquake. (a) Two examples of waveform ﬁts for station R35A and R37A, whose wave-
forms are broken into segments of body waves and surface waves. The P wave portions are plotted on the left in terms of vertical (PV) and
radial (PR). The waveforms are ﬁltered to 5–50 s and 10–100 s for body waves and surface-wave segments, respectively. The arrow indi-
cates an Sn wave. The numbers below station names are epicentral distances in km, and the two numbers below each segment of wave-
forms are the time shift and the cross-correlation coefﬁcients of the waveform ﬁts. (b) Travel time residuals and cross-correlation
coefﬁcients for Love waves used in the source inversions. They are obtained by cross correlating observed data and synthetics for the time
window shown in Figure 5a. Red crosses denote sampling of each station on the focal sphere. The three beach balls on the lower left are
focal mechanisms from this study (red), SLU (green), and USGS (black). (c and d) Misﬁt function versus depth for regional inversions and
bootstrapping of the source inversions for velocity models from Herrmann [1979] and this study, respectively.
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included results from our preferred model CRS in Figure 5d which increases the source depth slightly to 5.5
km. The mechanism remains essentially the same. These differences in mechanisms do not have much
effect on our crustal modeling at the longer periods (>2 s) but become more important at shorter periods
addressed later.
2.2. Crustal Waveform Modeling Results
Since the Love waves are well modeled by the Herrmann model (Figure 4), we have simply replaced the
rough layering (Figure 3) for the upper crust with a linear gradient with the velocity increasing from about
3.9 km/s. While the waveform ﬁts did not change appreciably for changes in deﬁning depth positions out
to distances of 6 , there are some timing shifts favoring model CRS, see Chu et al. [2012a] and its supple-
ment about grid-searching and shallow structure sensitivity. With the top ﬁxed down to 25 km, we only
have a few more parameters to determine, namely, Vs in the LVZ, the Moho depth and velocity-jump for a
total of three parameters. The layer in the upper mantle has little effect on periods >5 s and added as an
extra constraint needed in helping to explain the short-period data. The best ﬁtting model also with small
timing shifts is displayed in Figure 3 as CRS. The waveform ﬁts are displayed in Figure 6. The ﬁrst arrivals at
large distance also involve deeper structure and have not been ﬁne-tuned here where we concentrated on
the multiple Moho bounces as labeled earlier in Figure 2.
Note that the observed multiple SmS arrivals behave well and change their timing separation amazingly
well. The shape changes with successive bounces i are associated with timing differentials between
Sinand SmS
i . Because this time intervals dti reduces as i grows, the shapes become sharper. It appears that
the path averaging process is involved where it is easier to ﬁt later bounces. Small changes in crustal thick-
ness and velocity distributions can easily be detected from sensitivity testing although small 2-D structures
can easily change dti, i.e., individual pulse shapes. In Figure S4, we compare synthetics displaying such
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change of waveform shape where the SmS and sSmS separate from Sn and sSn. The waveform ﬁts along
with CRUST 2.0 synthetics are also displayed.
By adding the LVZ in the lower crust, we are able to keep the long-period Love wave contribution from
mantle delayed in arrival time but still allow the high velocity Sn arrivals as displayed in Figure 6. The ﬁts to
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Figure 7. Travel time residuals and cross-correlation coefﬁcients of Love waves for the USArray at frequency ranges of (top) 10–50 s and (bottom) 2–10 s. Note the low coefﬁcients along
the nodal direction of the Love waves. Three green circles in Figure 7b are stations with low CCs. The location of the Mid-Continent Rift is denoted by golden lines in Figure 7d which
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the Love wave portions are similar to those displayed in Figure 4. As expected from previous studies, it
becomes difﬁcult to model phases near nodes and at shorter periods. This can be seen in matching the
Love waves at 10–50 s and at higher frequencies of 2–10 s (Figure 7) where a proﬁle of waveform compari-
sons is displayed. Note in Figure 7, the low CC’s correspond to the nodal azimuth (red strip) for the 10–50 s
band. The surface waves at most of the other (nonnodal) paths have CC’s over 0.90 with very small shifts in
timing along paths to the east. This 1-D model on average is quite good. There are some interesting com-
plexities occurring along the azimuth running through the Mid-Continent Rift (MCR) zone with some of the
low CC’s indicated. We have included the geological MCR surface expressions in gold in the lower Figure
7d. This feature is quite pronounced in gravity maps and it is not surprising to see bad ﬁttings of surface
waves in the rift. It appears that many of the more northern paths are delayed by a few seconds which are
probably caused by some shadow basins. At shorter periods (2–10 s), the Love wave ﬁts are not quite so
good but still reach an average CC of 0.90 in the enclosed patch. The body waves are also ﬁt by this simple
model as displayed in Figure 6 on the right.
It proves difﬁcult to determine the P velocity since the multiples are not particularly obvious as those in SH.
To proceed, we adjusted the ratio of Vp to Vs with the depths ﬁxed. The best ﬁtting P velocities are given in
Figure 3 with synthetic ﬁts displayed in Figure S5. The separation between Pn and PmP suggest the absence
of LVZ in P. The P velocity in the lower crust is about 6.8 km/s, which agrees with refraction results from the
Canadian Shields [Hammer et al., 2010]. Waveform ﬁts for SV waves along this proﬁle are included which is
in good agreement with the SH observations (Figure S6). However, the P-SV system appears to be more
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inﬂuenced by the surface boundary (Figure S6) and is not as consistent as the SH wave ﬁeld as commonly
observed in Southern California data sets [e.g., Zhu and Helmberger, 1996].
2.3. Short-Period Observations
The above analysis demonstrated that the waveﬁeld at periods longer than 2 s is mainly controlled by the
crust except at the largest distances. Adding the short-period data proved the most sensitive to the top-
most mantle and attenuation which we treat as a pseudomeasure for scattering effects.
There have been only a few attempts to model short-period crustal shear waveforms in cratons, generally
referred to as Lg or Rg [e.g., Saikia et al., 1990]. Figure 8 displays two record sections along the long-period
section discussed earlier displaying such phases. At this frequency, it has an apparent velocity of about 3.5
km/s and has been widely studied empirically since it is used in magnitude estimation for small events [e.g.,
Phillips and Stead, 2008]. Note that there is also a short-period Sn arrival which travels with a velocity of 4.7
km/s, same as the long-period Sn. At high frequency, Lg gets much weaker while Sn remains strong
(Figure 8). We have not attempted to treat the longer periods (>2 s) in combination with shorter periods
using other measures such as envelopes with coda delays. Thus, the uniqueness of our model awaits a
future study. However, the general ﬁtting by overlay appears to capture the basic velocity structure as sug-
gested in Figure 9 showing neighboring model predictions. Because of the lack of knowledge about the
rupture properties and high-frequency radiation, we concentrated on travel times and amplitude decay
with distance both for Lg and Sn waves. The absolute amplitude of synthetic waveforms are multiplied by a
constant number and plotted over several frequency bands along proﬁles. The best comparisons occurred
in the 0.5–2 Hz band with apparent velocities of 3.5 km/s for Lg and above 5 Hz with a velocity of 4.6 km/s
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for Sn, see Figure 9. The strongest observed arrivals in the 0.5–2 Hz band are traveling quite slowly. The
Moho reﬂections SmS are not obvious except at the shortest distances (Figure S7). The synthetics in Figure
9b are controlled by the upper crustal velocity gradient down to 25 km. Although some waveform records
at about 9 are ﬁt well, most are not. Moreover, many recordings between 6 and 7 display noisy responses
before and after the main arrival. Some of this is expected because of thin sedimentary cover as suggested
in simulations (Figure S7), but shallow complexity in structure including scattering must play an important
role. It also appears that source depth can inﬂuence the amplitude as displayed in the inset with deeper
events having a faster decay with distance. At any rate, multiple bounces in the upper crustal waveguide
are not observed and can be damped by assuming low Q values near the surface (Figure 3). These low Q
values also have the effect of removing multiple SmS and Sn as displayed in Figure 9a.
The strength of Sn at 0.5–2 Hz is difﬁcult to reproduce as demonstrated in a sample of sensitivity (Figure
10). Numerical experiments with various assumptions found that adding a single layer of LVZ with a thick-
ness of about 15 km to the lower crust worked the best (Figure 3). Adding a small velocity jump just below
the Moho produces an extra triplication from the new small discontinuity which extends Sn to large distan-
ces with an apparent velocity of 4.6 km/s. The higher frequency Sn (>5 Hz) decays very slowly with distance
(Figure 10a), suggesting essentially no attenuation.
In Figure 11, we argue for radiation pattern effects in high-frequency seismic energy which are commonly
omitted for high-frequency analysis [Pasyanos and Walter, 2009]. Essentially, Sn is an important observation
in regional explosion identiﬁcation where a weak Sn implies an explosion source. However, the strength of
Sn along the SH-node is quite weak (Proﬁle I) in comparison with the Proﬁle II. To quantify, we measured
the root-mean-square strength over the ﬁrst 15 s of signal window (2 s before and 13 s after the ﬁrst Sn
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Figure 11. (a) Azimuthal variations of amplitude of 5–20 Hz signals for stations with distance between 5 and 9.5 . The red curve displays the theoretical radiation of the SH waves.
(b) Distance proﬁle along I and II. The amplitudes of waveforms are multiplied by the distance R and normalized by the maximum amplitude of these stations. Generally proﬁle II has
larger amplitudes than proﬁle I.
Table 1. Earthquakes Used in This Studya
Event ID Origin Time Lat/Lon Depth (km) Mw Strike/Dip/Rake
Oklahoma 2011/11/06, 03:53:10.1 35.54/296.75 5.5 5.65 145/79/22
Kentucky 2012/11/10, 17:08:12.1 37.14/282.98 14.0 4.17 110/82/231
Missouri 2012/02/21, 09:58:43.0 36.85/289.41 8.0 3.86 158/41/38
aThe depth, magnitude, and focal mechanism are obtained from the CAP inversion using velocity model CRS.
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arrivals) and generated the observed strength pattern. The azimuths to the north are obviously much
weaker than paths sampling the northeast.
3. Discussion
The data set provided by the Oklahoma earthquake is extraordinary and such a detailed ﬁt by a 1-D model
is remarkable. The structure beneath four states (Wisconsin, Iowa, Illinois, and Missouri, Figure 7) was mod-
eled very well for periods 2 s and longer. The S velocity model follows the P velocity increase with depth
down to 25 km where it decreases from 3.9 to 3.6 km/s with a thickness of 15 km followed by a velocity
jump to 4.6 km/s at the Moho. It is likely that these boundaries are not sharp with any one station
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containing a LVZ structure similar to that proposed by Chang and Herrmann [2012] but with a sharper
Moho. Numerical tests show that decreases of up to 10% inside the uniform LVZ but with adjustments in
thickness where travel times are preserved also ﬁt the data quite well. However, the volume of this LVZ
structure is quite substantial.
Can this structure be validated? Presumably the TA researchers will report on the processing of receiver
functions which will help to establish its existence [e.g., Rychert et al., 2007]. The two smaller events in Ken-
tucky and Missouri (Table 1) do provide crossing paths for some validation (Figure 12). Due to small magni-
tude of these earthquakes, they lack long-period surface waves but provide constraints on the existence of
the crustal LVZ in that the model predicts the timing of Sn as well as the general amplitude fall-off pattern
of Lg. Their high frequency Sn amplitudes (5–20 Hz) are not very clear even for the strike-slip Kentucky
event. This could be related to the proposed hidden hotspot track, blue curve in Figure 1 [Chu et al., 2013b].
We have not attempted to model the short-period waveforms here where scattering begins to dominate.
However, because we do not observe multiple S in the upper crustal waveguide, we added some relatively
strong attenuation (Figure 3) to suppress such arrivals. However, the data display considerable coda devel-
opment indicative of scattering, which will be pursued in future efforts. The uppermost mantle layer is
more speculative in that its presence is based primarily on the existence of high frequency Sn at large
ranges. At shorter ranges, 2 to 3 , the observations are rather weak (Figure 9) which suggests that maybe
the jump is variable and only strong below the LVZ corridors halfway points connecting the Oklahoma
event to stations with dark color (Figure 11). Is this layer related to the LVZ and do they occur together? Per-
haps, these two features are just properties of cratons and only observed because of the rare Oklahoma
event. Maybe the crustal LVZ observed here is a common feature of cratons or continents and obscured in
tectonic regions by crustal complexity. If this is true, such a zone explains why earthquakes in the lower
crust are hardly ever observed because of implied weak stress-state.
This type of double Moho (Figure 3) has been noted recently beneath the Wyoming craton [Hansen and
Dueker, 2009] and beneath North Carolina [Wagner et al., 2012]. The latter interpret this as a mixture of a
chemical density change normally observed Moho plus a second partial eclogitization jump. Such interest-
ing features along with the ‘‘surprises’’ listed in the introduction all suggest some signiﬁcant hydration or
dehydration depending on the altered temperature-pressure ﬁeld.
In short, we have a unique situation given the TA to understand more about continental plate-tectonics and
bring in the mineral-physics and dynamic modeling communities to share this cocktail of slab debris and
craton assemblages stirred by old plume tracks to better understand zones of seismicity and history of
continents.
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